Optical nanofibers provide a rich platform for exploring atomic and optical phenomena even when they support only a single spatial mode. Nanofibers supporting higher-order modes provide additional degrees of freedom to enable complex evanescent field profiles for interaction with the surrounding medium, but local control of these profiles requires nondestructive evaluation of the propagating fields. Here, we use Rayleigh scattering for rapid measurement of the propagation of light in few-mode optical nanofibers. Imaging the Rayleigh scattered light provides direct visualization of the spatial evolution of propagating fields throughout the entire fiber, including the transition from core-cladding guidance to cladding-air guidance. We resolve the interference between higher-order modes to determine local beat lengths and modal content along the fiber, and show that the modal superposition in the waist can be systematically controlled by adjusting the input superposition. With this diagnostic we can measure variations in the radius of the fiber waist to below 3 nm in situ using purely optical means. This nondestructive technique also provides useful insight into light propagation in optical nanofibers.
I. INTRODUCTION
Recently, optical nanofibers (ONF) have received significant attention by realizing efficient interactions with atoms [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and chemical analytes [12] [13] [14] . Knowledge of light propagation in ONFs is particularly important for atomic systems, for which the strong evanescent field enables both tightly trapped atoms near the nanofiber and efficient atom-light coupling for interrogation. For a single-mode ONF that supports only the fundamental optical mode, the evanescent field distribution is welldefined and controlled; these ONFs have produced important results in atom-light interactions [1] [2] [3] [4] [5] [6] , but have been limited to only a few optical potential configurations.
To increase control over the evanescent field of the ONF and the complexity of the potential landscape, recent studies have explored the use of higher-order vector modes [15] [16] [17] , which have spatially-varying polarization profiles [18, 19] . Although the ability to create, control, and detect complex optical mode distributions [15, 16, [19] [20] [21] [22] at the input and output of a fiber is well-established, the challenge remains to analyze the propagation of light along the ONF taper and to measure the local optical intensities on the ONF waist. In a single-mode ONF, the polarization dependence of Rayleigh scattering can discriminate between the two degenerate, quasi-linearly-polarized, fundamental modes along the fiber [10, [23] [24] [25] [26] , but such discrimination is not possible for higher-order modes (HOMs) without high transverse spatial resolution [27] . Additionally, because ONFs are typically drawn to radii below the resolution * fredrik.fatemi@nrl.navy.mil limits of optical imaging, the ONF geometry is difficult to quantify in situ. Propagation dynamics through the fiber can be inferred from analysis of the transmitted light during the drawing process [15, 16] , but local visualization of the modes has not yet been achieved.
In this paper, we image Rayleigh scattered (RS) light
to analyze light propagation in ONFs supporting the first six optical modes. By combining high-spatial-resolution imaging with the polarization dependence of RS, we measure and control the propagation along the entire ONF length. The intermodal beat lengths, which vary along these axially-tailored fibers, are quantified over the ONF and are sensitive to changes in the fiber radius to within 3 nm. Finally, we show that by controlling the input modal superposition, we can systematically adjust the modal content on the ONF waist. This paper is organized as follows. Section II describes the dispersion relations in ONFs and properties of the modes of interest. Section III details the experimental setup used to fabricate and analyze propagation in the ONFs. In Sec. IV we present the key experimental results. We present RS images over an entire ONF, including the transition from core-cladding guidance to cladding-air guidance. We demonstrate modal identification and control of the mode distribution. We also discuss mode identification by further polarization discrimination of the RS light into longitudinal and transverse components. Section 5 concludes the paper.
Geometry of an optical nanofiber. The camera viewing direction is alongŷ, and light propagates from left to right alongẑ.Ê is the scattered field. The tapered core is negligible in the fiber waist.
II. THEORY
A. Nanofiber geometry and modes An ONF consists of three sections: the unmodified fiber, the taper, and the fiber waist (See Fig. 1) , with a symmetric taper on the output. Initially we launch light into the core of the unmodified fiber on the left. The taper makes an angle Ω with the fiber axis and adiabatically links the unmodified fiber to the fiber waist [28] . Near the waist, the taper angle is reduced exponentially to connect the taper to the waist. The waist has a submicrometer radius, a w , and length, L w that is typically several millimeters long.
The number of guided fiber modes depends on the radius, a, the wavelength of input light, λ, and the refractive indices of the core and cladding, n 1 and n 2 , through the dimensionless V -number:
where k = 2π/λ is the free-space wave vector. The allowed modes and their effective indices, n eff are shown in Fig. 2 (a) for an ONF with V ≤ 8 (a ≤ 0.9 µm). In a tapered fiber, V changes with propagation distance. Previous works have examined taper geometries that allow adiabatic propagation to minimize interfamily modemixing [16, 29] . In this work, the ONFs are drawn from Fibercore SM1500 optical fiber, which has V = 3.8 for our operating wavelength λ = 795 nm, and initially supports the LP 01 , LP 11 , and LP 21 mode families. vector modes, and their transverse field distributions are shown in Fig. 2(b) . Each mode has an associated propagation constant β = n ef f k. Two propagating modes interfere with a beat length, z b defined by
As we will show, the evolution of z b along the length of the fiber due to the tapered geometry is readily detected by imaging the RS light, and can be used to measure local fiber dimensions. The propagation constants in Fig. 2 
B. Rayleigh scattering
Standard optical fibers have birefringence due to strain, microbends, or deviations from cylindrical symmetry that can convert a pure input mode to a superposition of modes on the fiber waist. This necessitates a nondestructive, in situ measurement that locally probes the intensity and polarization. Using Rayleigh scattering, we can extract information about the propagation and mode distribution along the ONF. The observed RS power is proportional sin 2 θ, where θ is the angle between the local field, E, and the camera viewing direction,ŷ. When the mode-field-diameter is large enough, imaged RS shows the spatial structure of the propagating light [27] , and in Sec. IVIV A this will be used to observe the transition from core-cladding guidance to cladding-air guidance. On the waist of the ONF, which typically has a w < 400 nm, transverse mode structure cannot clearly be resolved. However, since z b is much smaller than the length of the waist, the local superposition on the waist is determined straightforwardly through Eq. 2.
III. EXPERIMENTAL SETUP

A. Fiber pulling
We use the flame brush technique to produce the ONFs [30, 31] . For the full details of the pulling apparatus see Refs. [15, 28, 29] . It consists of two computercontrolled high-precision motors and an oxyhydrogen flame in a stoichiometric mixture. We employ an algorithm [28] [29] [30] [31] to produce ONFs with linear tapers. Following the protocols outlined in Ref. [28] we can produce low-loss ONFs when controllably launching the fundamental mode [28, 29] or the next family of higher-order modes [15] . Fiber cleanliness prior to tapering is crucial to achieving high transmission [28] . Figure 3 shows the experimental setup. It has three components: the ONF fiber launch and vector beam generation setup [15, 19] , the RS imaging setup, and the ONF output imaging setup. The HOMs coupled into the ONF are derived from a fiber-based mode converter, described in detail in Ref. [19] . Briefly, we begin with spatially-filtered, polarized light from a 795 nm diode laser. This beam is collimated and passed through a phase plate that imparts a π phase shift onto half of the beam, producing a two-lobed profile at the entrance of a vector beam generator.
B. Mode preparation and imaging setup
The vector beam generator uses fiber that supports only the HE 11 , T E 01 , T M 01 , and HE 21 modes at 795 nm (Corning HI1060). A polarization controller (PC) mixes these modes through strain-induced birefringence and can produce either pure modes or any superposition of them at the output [20] . Additional control over the mode superposition is done with bulk polarization optics (e.g. λ/2 waveplate in Fig. 3 ) at the input of the ONF. A CCD at the output of the ONF is used to aid alignment into the ONF. The overall fiber length is 20-30 cm, and it is kept straight and tensioned slightly to reduce drifts. We do not observe fluctuations over periods of several hours.
After we fabricate an ONF we use the motor stages (two high precision XML 210 motors see Fig. 3 ) to translate the fiber relative to the RS imaging system to image the entire ONF. RS light emitted orthogonal to the propagation direction is relayed to an EMCCD camera (Andor Luca) through a Mitutoyo M Plan APO NIR infinity-corrected objective (10x or 50x). The imaging relay contains a 795 nm bandpass filter and a calcite walk-off polarizer near the CCD image plane to separate the longitudinal-and transverse-polarized RS light. When using the calcite polarizer, the spatial resolution of the imaging system is limited to 2-3 µm. Because the beat length between the LP 11 and LP 01 families is also 2-3 µm, this interference is not observed on the ONF waist.
IV. RESULTS
A. Direct imaging of optical propagation
In a typical fiber, light is confined to the fiber core by the lower-index cladding, and the air surrounding the cladding has a negligible effect on the propagation. On the ONF waist, however, the air itself becomes the cladding and the original fiber core is negligible. The transition between these two regimes has previously only been indirectly studied by analyzing the transmitted power [15, 16, 29] . In this section, we describe the direct imaging of the propagation evolution throughout the ONF.
Using the experimental setup described in Sec. III, we launch a HOM into an ONF. To observe the propagation over the entire 10-cm fiber length, we use the 10x objective, which has a field-of-view of ≈1 mm. to right. The light that is initially in the core is ejected into the cladding when the fiber cladding has a diameter of 27 µm. This is consistent with the value obtained indirectly in Ref. [15] . On the output side, the field couples back into the core at the same radius, but the RS power is reduced due to light that escaped from the ONF on the input taper. This light is lost because the ONF waist only supports the LP 01 and LP 11 mode families, whereas the unmodified fiber initially supported even higher order mode families at the fiber launch. Additionally, higherorder mode families could be excited due to nonadiabatic propagation, as we have previously found that adiabaticity for the LP 11 family requires Ω < 0.4 mrad [15] . The color scaling in the image has been adjusted to highlight details in the taper and does not indicate saturation. Figure. 4(b) is a magnification of Fig. 4 (a) over 4 mm of propagation distance in the critical region near a = 13.5 µm, where the HOMs transition from the core to the cladding. For these images we used a 50x objective (NA = 0.65) to collect the transverse polarization component of the RS light. The core mode shows a null in the center of the scattering, which is an expected consequence of HOM Rayleigh scattering [27] , as superpositions of HOMs can have a two-lobed intensity pattern. It is also possible that the field is a pure HE e 21 or T M 01 mode, which would also appear with a null because of the polarization filtering of RS [27] . After the core-cladding transition, the oscillations observed in Figs. 4(a) and (b) increase in spatial frequency as the fiber tapers down to the ONF waist. As will be discussed in Sec. IVIV D, the total RS power increases toward the waist because of surface scattering effects.
We can analyze the length scales associated with the transition from core-cladding guidance to cladding-air guidance using the 1/e decay of the scattered power in the core. This decay occurs over a propagation distance of ≈700 µm. For a fiber with Ω = 0.75 mrad this corresponds to a cladding radius change of 500 nm. The specifications of SM1500 fiber indicate that the fiber has an initial core radius of 1.8 µm and cladding radius of 25 µm. Tapering does not affect the core-to-cladding ratio, so this transition occurs over a change in core radius of ≈40 nm. The oscillation pattern in the transition region is consistent with the length scales associated with the LP 11 family beating with the next symmetric family LP 21 . In this region, the relevant V -number governing the propagation increases rapidly from V ≈ 1.9 before the transition to V ≈ 115 after the transition. Because the number of allowed modes scales with V 2 , this is the region where intermodal transitions are most likely to occur and the adiabaticity criteria are most stringent [29] . Figure. 4(c) is a simulation using commerical waveguide propagation software (FIMMPROP/FIMMWAVE by Photon Design, Ltd.) of the local intensity, integrated along the viewing direction, over the region in Fig. 4(b) . This calculated image is for a T M 01 mode, and does not include the polarization effects of RS, but the agreement between experiment and simulation is clear, including the location at which the light leaves the core and the chirped oscillation frequencies observed in the cladding. In this region, the number of modes is large enough that it is possible to think in a pure ray optics picture, for insight, to illustrate the spatial oscillations of light and their change of frequency.
B. Mode identification
We can spatially resolve transverse modal information from RS when the light is confined to the core and when the ONF is larger than 3 µm, but direct imaging on the ONF waist is difficult, where a w ≈ 400 nm. However, the oscillations observed in Fig. 4 are due to superpositions of modes that can also be identified by spatial frequency analysis of RS. Such analysis is used in standard, singlemode birefringent fibers [26] . In the ONFs, however, several modes interfere with beat lengths that evolve along the fiber as the ONF radius, a, tapers. We determine these z b through Fourier transform of the RS power as a function of z. We use spectrogram analysis [29, 32] to obtain the inverse beat frequencies, 1/z b . The spectrogram shows all the spatial frequencies that evolve as a function of propagation distance (and therefore radius) in the fiber. Figure 5(a) shows the calculated inverse beat lengths as a function of position for a fiber with a profile a w = 360 nm, Ω = 1 mrad, and L w = 5 mm using FIMMPROP. This is the shape we expect from the spectrogram for the HE o 21 and T E 01 (red) beating together and the HE e 21 and T M 01 (blue) interfering. As shown below, the large quantitative and qualitative differences between these two curves enables us to identify the modes observed in the experiment. The spatial frequencies for both superpositions have also been plotted as functions of a in Fig. 5(b) . Fig. 6(a) shows the power scattered as a function of z near the ONF waist for a fiber with Ω = 1 mrad and a desired a w = 390 nm. The spatial variation in oscillation frequency of the RS power is depicted in the spectrogram in Fig. 6(b) , in which FFTs of the spatial domain data are calculated using 0.5 mm windows. The qualitative shape in Fig. 6(b) matches the shape of the HE 21 : T M 01 curve from the calculation in Fig. 5a . The spatial frequency is zero at the crossing of the n eff curves for the HE 21 and T M 01 modes near 430 nm, shown in Fig. 2 .
The steep dependences of 1/z b on a are shown in Fig. 5(b) and allow a high-precision, local measure of variations in a. We extend the FFT window over the entire waist to increase the spatial frequency resolution and and T E 01 modes on the same fiber should constrain a w , and this will be considered elsewhere. The estimated value of a w = 360 nm is ≈30 nm smaller than the design radius of 390 nm. Superimposed on the data in Fig. 6 is a beat frequency curve using a profile from the design software with a revised a w = 360 nm. Fig. 7(a) shows the RS profile for a different ONF sample than the data displayed in Fig. 6 . In this case, however, the shape of the spectrogram curve indicates beating between the HE o 21 and T E 01 modes. We follow a similar procedure for this ONF sample as the previous sample to extract a center beat frequency 1/z b = 75.6 ± 0.1 mm −1 , with FWHM = 0.7 mm −1 . Following a similar procedure as above, we estimate a w = 370 ± 10 nm. At this radius, the beat frequency for the HE The total scattered power increases by 10x in Fig. 6 and 20x in Fig. 7 as a decreases, reaching a maximum on the ONF waist. Because RS is directly proportional to intensity, the contribution from bulk RS should not increase. As a decreases, however, the field at the fiber surface increases, and it is likely that the observed increase in RS power comes from surface scattering. This scattering appears as noise in the spectrograms and occurs at all spatial frequencies [see Fig. 6(b) and Fig. 7(b) ]. The surface scattering also increases at radii where HOMs reach cutoff. This is apparent in Fig. 7(a) , where the signal drops sharply near z = 2 mm, at which point one of the LP 21 modes escapes the ONF. On the output side of the fiber, this RS signature is absent because this HOM was no longer present. Surface scattering will also be discussed in Sec. IVIV D.
C. Mode control
The ability to measure spatial frequencies and identify participating modes suggests that external control of the input mode distribution can be used to create a desired mode superposition on the waist. To demonstrate control we launch and manipulate the manifold of HOMs in a systematic way. Following Ref. [19] we use the cylindrical vector beam generator and bulk optics, consisting of HWPs and polarizers, to launch known mode superpositions into the ONF and control the mode propagating on the ONF waist. Figure 2 (b) displays the vector profile for the transverse components of a 450 nm radius fiber for the HOMs in the LP 11 family. In free space, conversion between any of the pure modes is readily accomplished with one or two HWPs. For example, by placing two HWPs with a relative angle of 45 degrees between their fast axes in front of a radially-polarized mode will produce an azimuthally-polarized mode at the fiber input. Likewise, the HE e 21 polarization profile is formed when a single HWP is placed in the path of a T M 01 profile.
Similarly, when launching an equal superposition of the HE e 21 and T M 01 modes, which produces a two-lobed profile with polarization perpendicular to the null, we can completely convert to an equal superposition of HE 21 and T E 01 using a HWP with an angle of 45 degrees with respect to vertical. : T M 01 input superposition, we rotate a HWP in 2 degree increments and collect the transverse RS over the ONF waist. Then we take the absolute value of the Fourier transform at each α and plot it as the column of an image, as shown in in Fig. 8(a) . Note that the longitudinal (ẑ-polarized) RS cannot detect the HE o 21 : T E 01 superposition, because the T E 01 mode is entirely transverse.
The image shows two primary frequency bands, near 1/z b = 75 mm −1 and 1/z b = 24 mm −1 , close to the two values shown in Fig. 5 on the waist. The powers of these individual frequency bands are also plotted in Fig. 8(b) , with the HE : T E 01 shown in red. As described above, the data fit well to a sin 2 2α dependence, indicated by the solid lines. At α = 0, most of the signal is due to the HE 21 : T M 01 superposition. As α increases, the higher frequency band corresponding to the HE This control has been done entirely with bulk optics and a straight ONF. For a fiber with bends, however, the transfer matrix between the input set of modes and the waist set of modes can have off-diagonal terms, requiring the ability to have arbitrary state generation at the input. For vector modes, bulk optics alone cannot generate all possible input superpositions. Polarization controllers relying on strain-induced birefringence, such as that used in the vector beam generator, can create any superposition of vector modes [20] .
D. Surface scattering and mode cutoffs
In Sec. IVIV C, we measured the modal superposition on the waist as a function of the input state by measuring spatial frequencies in the transverse-polarized RS data. However, in these tightly confining waveguides, the propagating field can also have a longitudinal component of similar strength to the transverse component. In this section, we analyze both the longitudinal and transverse components of the RS to enable more specific mode identification. This discrimination is done by adding a calcite walkoff plate near the camera plane to enable simultaneous measurement of both polarizations. We also discuss the effects of surface scattering, which provides a useful, indirect measure of the field intensity at the nanofiber surface.
As can be seen in Fig. 2 , the HE 21 modes reach cutoff at a larger radius than the other modes in the LP 11 family. By pulling a fiber to a radius just below the HE 21 cutoff, the only propagating modes are the T E 01 and T M 01 modes. For these ONFs and 795 nm light, the HE 21 cutoff is reached at a w = 325 nm. Fig. 9 shows the longitudinal, transverse, and total RS power from the ONF as a function of position along the fiber axis for Ω = 1 mrad, a w = 300 nm, and L w = 1 cm. By pulling to this radius, a number of phenomena are observed.
From z ≈ 0 − 10 mm on the fiber axis, the total scattered power is constant. That this region, a taper section, has a steady scattering rate, is indicative of bulk scattering. After this point, from z = 10 mm to z = 24 mm, however, there is a steady increase in the scattering rate as the fiber continues to taper, consistent with surface scattering effects as discussed earlier. The intensity of the mode at the fiber surface increases as the radius decreases and surface scattering begins to dominate over bulk scattering. This increase in scattered power was also observed in Figs. 6, and 7.
The RS light abruptly drops at z ≈ 25 mm, indicated by the dashed line at z = 24 mm in Fig. 9 . This is the point that the HE 21 mode reaches cutoff at a = 325 nm, corresponding to a V ≈ 2.8. The drop in RS power is most pronounced in the longitudinal polarization component in Fig. 9(a) . In each panel of Fig. 9 , the RS light is constant between z = 25 mm and z = 35 mm. This region, denoted L w , is the 10-mm-long ONF waist. The contribution of the HE 21 mode to the total scattered power is shown in Fig. 9(c) , indicated by the red dashed lines. These levels are taken at two symmetric places on opposite sides of the waist with equal radii.
On the output side of the waist, the total RS power increases slightly. This is again a consequence of surface scattering. For this ONF, a w = 300 nm and is also very close to the cutoff for the T M 01 and T E 01 modes. At this radius, the remaining hollow modes have a significant evanescent field and low surface field. As the radius increases on the output, the evanescent field reduces and the surface field increases, indicated by the larger RS power near z = 37 mm. The surface field reaches a maximum near a = 310 nm, beyond which the field becomes more strongly confined inside the fiber and the surface scattering reduces. The RS power continues to drop as more of the field is confined to the bulk of the ONF.
The polarization discrimination of Fig. 9 , combined with the cutoff of the HE 21 mode, helps identify the remaining amount of the T M 01 and T E 01 modes. This is because the T E 01 mode has no longitudinal field and it should not contribute to any of the power seen in Fig. 9(a) . Since the HE 21 modes are ejected from the waveguide, and scattering still exists in the transverse direction but not in the longitudinal direction, we know that the majority of the total RS power on the waist is due to the T E 01 mode. We note that there is some residual longitudinal component that could be caused by a small T M 01 or HE 11 background that is not observable in the spectrogram. It could also be due to deviations from pure dipolar scattering [33] . Ref. [27] notes that the longitudinal scattering was significantly larger than expected, even in unmodified fibers with negligible longitudinal fields. These results indicate that pure T E 01 modes can be identified by minimizing the longitudinallypolarized RS light.
V. CONCLUSION
We have shown that Rayleigh scattering is an excellent diagnostic of propagation phenomena in axially-tailored nanofibers. Rayleigh scattering enables direct observation of the propagation throughout an optical nanofiber, allowing us to demonstrate control of the mode superpositions on the nanofiber waist. By measuring the variation of the beat lengths, we can determine the local fiber radius to within 3 nanometers using entirely optical means. The ability to measure and identify modes in high transmission, few-mode ONFs opens the possibility of controlling HOM-based evanescent traps for atoms. This tool could also be extended to integrated waveguide approaches to atom traps [34] .
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